Towards Net Zero Energy Building: Collaboration-based Sustainable Design and Practice of the Beijing Waterfowl Pavilion  by Song, Yehao et al.
 Energy Procedia  57 ( 2014 )  1773 – 1782 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
doi: 10.1016/j.egypro.2014.10.166 
2013 ISES Solar World Congress 
Towards Net Zero Energy Building: Collaboration-based 
Sustainable Design and Practice of the Beijing Waterfowl 
Pavilion 
*Yehao Songa, Jingfen Sunb, Junjie Lic, Dan Xied 
a ,b,c,d the school of architecture, Tsinghua university, Beijing, 100084China 
a ,b,c,d Key Laboratory of Eco Planning & Green Building, Ministry of Education (Tsinghua University) 
Abstract 
Collaboration-based design is an essential approach for sustainable building integration which leads to 
higher space efficiency, construction material conservation, energy consumption reduction, building 
appearance improvement and so on. The integration of sustainable building calls for unified control and 
coordination method to lead the building to be a more holistic process. This article's objective is about the 
cooperation process research between people in decision, design and feedback phase from related group 
and department participating in the building project. This paper is trying to set up a life-circle oriented 
framework for net-zero building (NZEB) from decision-making, building-designing to post-occupancy 
evaluation as a baseline and a demonstration for future building works. Taking the newly-built public 
building, Waterfowl Pavilion in Beijing Zoo, Beijing, China as an example, this article illustrates how to 
form the collaboration-based design framework and methodology for net-zero buildings. For the reason 
that the Waterfowl Pavilion is not only an exhibition building for public visiting, but also a residential 
house for birds to hatching, breeding, living and growing that the building performance requirements are 
more complex than ordinary building. The sustainable strategies which match to the low-energy and low 
carbon emission requirements are sorted in different targets to each team member. The purpose of this 
study is to set up the Decision-Design-Feedback Phase Process, which is an application reference. In any 
design stage, the decision makers and the designers could choose, judge and evaluate how design strategy 
factor would fit the user satisfaction and evaluation system in the future. It is a showcase to demonstrate 
better collaboration-based sustainable design and practice for building integration. 
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1. Background 
To design and construct net-zero energy building (NZEB) is a big challenge which is attributed to its 
complex objective. [1]It is a repeated run-in collision process among different participants’ majors and 
departments such as contractor, architect, engineer, landscape architect, and etc.[2] To build up a net-zero 
building successfully, the designer should be required to based on a better corporation, and set up a clear 
collaboration-based design framework and methodology for net-zero buildings at the first beginning of 
project.[3] It is neither a simple process by using computer modeling software to demonstrate its 
technology, nor an one-direction design procedure that engineer gets involved in construction drawing 
phase after architect finishes initial design by himself. NZEB design calls for architects and engineers to 
work closely with one another, considering the factors such as market requirements, enterprise 
technologies, construction limitation and government policy to solve NZEB design and technology 
problems throughout the lifetime process of design, construction and utilization phase. [4] 
Combined with wetland repair, the management committee of Beijing Zoo planned to build up a 400 
sqm waterfowl pavilion in Waterfowl Island for bird breeding, exhibition and science advocacy. In the 
view of priority low-carbon environmental awareness, the decision maker should firstly set up a goal to 
build up an internationally influenced demonstration project which could tightly combine the green 
building low-carbon concept. [5]The goal of the building is to pass the highest design certification level of 
Evaluation Standard for Green Building of China [6], and pass the operations certification after running. 
The construction process of waterfowl pavilion is a social combination task, and all of the construction 
material and funding was supported by sponsors. Therefore, the complement of this building is 
meaningful and significant to NZEB demonstration. 
The paper is structured as follows. Section 2 gives an overview of the framework on collaboration-
based NZEB design and presents the objectives of the analysis. Section 3 describes the methodology and 
results in the case study of Waterfowl Pavilion. Section 4 shows the further planning of the task. Finally, 
Section 5 concludes with some recommendations for Collaboration-based Framework in Decision-
Design-Feedback Phase Process in the NZEB design procedure. 
2. Collaboration-based Framework 
2.1. Set up Decision-Design-Feedback Phase Process 
Set up Decision-Design-Feedback Phase Process at the first beginning of NZEB design. (Figure 1)A 
clear target should be given in the decision-making phase of the project, to make an unequivocal range of 
environmental and resource influence, and to set a goal of energy conservation in the project. [7]This 
phase not only needs the decision makers and designers’ effort, but also the government oriented support. 
In the initial stage of design phase, different role in structureǃHVACǃpluming system should get 
involved in the process. In the coordination of multiple professionals, reasonable strategies such as finding 
a way for market value of the NZEB, and an appropriate method of architecture and technology 
integration could get a material-saved construction and energy-saved active and passive tactics. [8]The 
function of feedback phase is to evaluate the utilization environment, and set up a database for building 
further reform and baseline for other newly built buildings by occupancy satisfaction survey, indoor 
environment performance test and building energy consumption supervising. [9] 
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Fig. 1 Collaboration-based framework of decision-design-feedback process 
2.2. Contents of Collaboration-based Framework from Decision-Design-Feedback Phase Aspects 
This paper is trying to set up a life-circle orientated framework of NZEB from decision-making, 
building-designing to post-occupancy evaluation as a baseline and a demonstration for future building 
works. The project decision-making stage is an important one because of the environmental and economic 
effect, including four aspects: environment and resource, objective and strategy, function and efficiency, 
carbon emission reduction. Based on region, city and site analysis, the scientific decisions are quite 
necessary in the very beginning of the project. The design of climate orientated and buildings’ own 
function and morphology in the social and cultural background should not only abide the ordinary design 
principle of buildings, but also the guideline of NZEB design. Decision making is necessary to base on 
environment, local culture and requirement of local people (Table 1); The contents of design phase is 
starting from the perspective of architecture design, which is easier for architects to understand, in three 
breadth and depth dimensions (the logic of macro-level, meso-level and micro-level), re-category the 
green building assessment items into three aspects: urban planning, building design and detail method. 
Building design has been advanced gradually and the goal reached step by step (Table 2); Post-occupy 
evaluation (POE) is a feedback of design phase to accomplish and modify the shortcomings and omissions 
which can be divided in to two objects: occupant and building (Table 3).  
Table 1 Evaluation method framework based on decision makers and designers -- Decision Phase 
Decision Phase 
environment and resources objective and strategy function and efficiency carbon emission reduction 
• background local factors 
of society, resource, 
climate and economy[11] 
• local policy 
• local environmental 
status[12,13]  
• feasibility analysis of 
reaching low energy 
consumption /zero 
energy consumption  
• the corresponding 
evaluation index 
• available resources 
• project objective 
• cost control[10] 
• building character, 
area and functional 
configuration[14] 
• category of renewable 
energy 
• objective of carbon 
emission reduction 
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Table 2 Evaluation method framework based on decision makers and designers -- Design Phase 
Design Phase 
Macro-Level 
Regional Conditions And Climate Adaptability 
˄relates to regional environment˅ 
Meso-Level 
Architectural Form And Space 
˄relates to architecture design
˅[15] 
Micro-Level 
Use Of Sustainable Building 
Technology 
˄relates to building detail˅ 
• site selection land use  
• the protection and use of the original site 
• location risk assessment 
• public relations 
• convenience of the public facilities 
• the external image and social conditions 
• influence on the local natural environment 
• adaptability and flexibility 
• regional feature 
• pollution (flood risk; nox emissions; water 
pollution; external light and noise pollution) 
• anti-disaster ability 
• sunshine 
• transportation (alternative transportation) 
• control storm water runoff 
• reduce soil erosion 
• heat island effect 
• provide walking, rally, fitness and other 
outdoor activities for the public open space 
• complete project definition 
• perfect architectural design 
• Sustainability in bidding 
stage 
• outdoor space quality 
• indoor space quality 
• safety 
• barrier-free design 
• the effective use of space 
• flexible 
• functionality and ease of 
use 
• design and city planning 
quality 
• public art integration 
• the passive strategy in 
architectural design[16] 
• water-saving appliances, 
equipment and accessories 
• water quality 
• water cycle and utilization 
• simulation and test 
• Monitoring for energy 
utilization 
• efficient design and 
construction 
• lighting system 
• renewable energy 
• green roof 
• low-carbon/net-zero 
technology 
• CO2emission 
• Clean energy 
• Environmental-friendly 
material and product 
• Local material 
• New construction or structure 
• Construction waste and 
recycling 
Table 3 Evaluation method framework based on decision makers and designers -- Feedback Phase 
Feedback Phase 
Occupancy satisfaction survey˄occupant˅ 
Interior environment qualification˄IEQ˅ 
˄relates to POE˅[17] 
Effect evaluation˄society and building˅ 
Social and economic benefit evaluation of buildings 
˄relates to LCA˅ 
• indoor air quality 
• thermal comfort 
• lighting environment 
• indoor acoustic environment 
• building system function and controllability. 
• safety 
• quality control supervisor 
• energy consumption 
• system operation 
• economic[18] 
• life cycle (long-term performance) 
• Operating and maintenance Construction costs 
(economic) 
3. Collaboration-based Design Strategies of Waterfowl Pavilion 
Aiming to build up the concept of conservation-oriented societyˈdecision-makers and designers have 
reached a consensus on project definition and goals in the very first beginning. In the aspect of 
technology, firstly, we believe that energy saving cannot be achieved only by some “advanced technique". 
Be alert to some so-called “energy saving technique” and “energy saving product”. Secondly, developing 
mode of high-tech and high-cost, blind access to developing country, and simply pilling technique and 
product should be avoided. Last but not least, passive and low-cost mode and combination of technique 
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and building should be encouraged. In the other aspect, NZEB design refer to green building standard, 
treatment considering the difference of local economy, climate and construction level. Based on building 
eco-efficiency idea to develop Chinese green buildings. 
3.1. Goal Setting of Waterfowl Pavilion in Design phase  
Waterfowl Pavilion locates inside of the Beijing Zoo, which has superior natural environment, and 
vegetation coverage reaches more than 90%. On the south side of the site, there is a large area of wetland, 
which can be used as bird’s living. To avoid destroying the ecological status and provide natural and 
livable environment for birds, the project aims to build up a net zero energy demonstration building 
combining green and low carbon concept in-depth. 
Setting Waterfowl Pavilion as a NZEB demonstration project, two feasible aspects are as follow: 
1) Small finish area. The energy consumption will low only when building area is small. It 
renewable energy requirement is not too large to support the building energy consumption 
itself. 
2) Large site area. Large site area not only provides sufficient renewable energy, but also gets 
carbon recovery by surrounding vegetation. 
Therefore, the design target of Waterfowl Pavilion in decision phase is show as figure 2. 
NZEB -Waterfowl Pavilion
Environment and Resources Objective and Strategy Function and Efficiency
Site and
Location
Building
Envelop
Material and
Construction
Energy
Consumption
Energy
Production
Water
Resource
Landscape
Target
Considering surrounding municipal
pipe network, what kind of standby
energy could be involved
Full analysis of local climate base on
function requirement, decide the
shape of building envelop
Choose environmental-friendly
material, and better thermal
performance construction method
Using model research
Set up energy consumption model in
different period and season
Maximize daylight using to reduce
artificial lighting consumption
Solar/wind/ground heat energy
System and landscape integration
Design man-made wetland and
microrelief face to climate benefit
Full use of passive and active
strategies
To minimize energy
consumption
Fully use of resource and considering
surrounding impact after building
running
Passive strategy to shorten the heating
and cooling period
Improve the efficiency of energy use
active system
Wind power and biomass energy power
generation
Calculation of carbon emissions
Carbon emission balanced by planting
forest
Net-zero carbon emission
The festival and the outdoor environment
control
The noise of traffic
Pedestrian speed
roof and vertical vegetation
Energy saving and energy utilization
(general item)
Material resource utilization
Energy saving and energy utilization
(control item)
Thermal performance of building
envelope
The energy efficiency of cold and heat
source
No electric heat resource
energy calculated independently
Efficient lighting
Indoor environment quality
Water saving and water resources
utilization
Reach to 3star of Evaluation
Standard for Green Building of
China
v
Carbon Emission Reduction
Water recycling and wetland
resource utilization
Reasonable finished area
According to different target, birds and
people, divided functional areas into
two zones
Cost factors
Convenient construction, durability,
quick assembly
Efficiency of energy use system
Adjust the indoor temperature due to
time various
Different zone temperature for bird and
people
Type of PV panel and its efficiency
Efficiency of ground heat resource and
wind power
The classification of water resource of
wetland and roof
Efficiency of landscape design
Cost Control
v
POE Monitoring
Subjective and Objective Effect Evaluation  
Fig. 2 Design objective of Waterfowl Pavilion 
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3.2. Design Phase 
1) Macro-level –Site condition and local climate adaption  
Simulation taking climate change into consideration should be used for climate-sensitive net-zero 
building design and analysis [19]. The climate of Beijing is a typical warm temperate semi - humid 
continental monsoon climateˈwhich is hot and rainy in summer, cold and dry in winter, and its spring 
and autumn is short. The prevailing wind direction is northwest, while southeast in summer. Solar 
resource is abundant in Beijing, the direct solar radiation reaches to 109.2 Kcal / cm2 per year, horizontal 
surface total radiation sum up to 89.4Kcal / cm2 per year in sunny days. Annual available energy 
production industry time reach to 2287 hours. [20]Due to the Climate Thermal Design Zones of China, 
Beijing belongs to Cold Regions[21], (table 4 and figure 3)the new built building should consider to the 
best orientation and its Shape coefficient (building surface area divide volume) should lower than 0.4[21]. 
  After survey and evaluation, the site has a superior natural environment with good condition of 
sunshine and ventilation. The renewable energy and nature resource such as solar energy, wind power, 
ground heat resource wetland and nature vegetation can be used for sustainable design. 
2) Meso-level –Building envelope 
For the reason that the Waterfowl Pavilion is not only an exhibition building for public visiting, but 
also a residential house for birds to hatching, breeding, living and growing, the building performance 
requirements are more complex than ordinary building. The sustainable strategies which match to the low-
energy and low carbon emission requirements are sorted in different targets to each team member. There 
are two domain spaces in Waterfowl Pavilion base on different design target. (figure 3 and 4) One is an 
open space for bird living. For the reason that birds have broader temperature tolerance than human 
beings, the design temperature range in bird’s house is relative wider, from 16ć  to 30ć . In the 
consideration of better coordinate with nature environment and ensure the living space of birds could 
accept sufficient sunshine, bird house will be located in the very south of the whole building. The second 
one is the space related to people. This space including exhibition hall, meeting room, and service room 
etc. In order to ensure the human body comfort, the temperature will be controlled between 20ć to 25ć 
both in summer and winter. Therefore, under the consideration of relationship between shape factors and 
functional organization, the building envelope was formed into two layers of nested spaces. The bird 
house and meeting room face to south, which will have full use of natural light and solar energy, while 
exhibition hall and other service room face to north.  
Fig. 3 Mater plan of Waterfowl Pavilion 
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Fig. 4 First floor of Waterfowl Pavilion 
Another important passive strategy of Waterfowl Pavilion is designing taking advantage of natural 
ventilation. (Fig.5)Two wind catchers which size is 2m x 2m x 3.5m, opening 50%(2΃), located on the 
top of building, by using the principle of the buoyancy-driven. (Fig.6) 
 
Fig. 5 Nature ventilation effect of wind towers 
  
Building envelope wind pressure distribution in summer (southeast 2.5m/s)   Building envelope wind pressure distribution in 
winter(north 3.5m/s) 
Fig. 6 Wind pressure distribution on building envelop in summer and winter 
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With the help of simulation, the energy-efficient Waterfowl Pavilion has been designed. Key factors 
that would influence cooling and heating load notably have been established according to simulation 
results.  
Some main conclusions are as follows: 
x “Triple LoEClr 5mm/42mm Air” glass, which characterized CHT of 0.7 W/ (m2·K) and SHGC of 
0.443.  
x The thermal insulation of walls should ensure the CHT of walls reaches 0.3 W/ (m2·K).  
x The thermal insulation of roof should ensure the CHT of roof reaches 0.3 W/ (m2·K).  
x The thermal insulation of floor should ensure the CHT of roof reaches 0.35 W/ (m2·K).  
x The thermal insulation of interior wall should ensure the CHT of roof reaches 1.5 W/ (m2·K).  
x The energy consumption of Waterfowl Pavilion in winter and summer are as follow: 
x Fresh air ventilation frequency: meeting room and the exhibition hall is 0.5 /h, bird house is 2 /h, 
infiltration air is 0.7 /h. 
x Outdoor temperature in winter: -9ć. 
x Setting power density of lighting and mechanic is 11W/΃. 
x Air-condition work schedule is visiting peak time from 10 am to 2pm. 
x Visiting people density after calculation is 0.13 /΃ 
Table 4 peak heat load calculation in Waterfowl Pavilion [22] 
Item Bird house Exhibition hall 
peak heat load in winter peak heat load in 
winter 
peak heat load in 
summer 
kw W/m2 kw W/m2 kw W/m2 
Building envelop 5.5 27.6 3.1 32.7 3.7 38.8 
Air infiltration 7.5 37.3 2.7 28.6 0.6 6.1 
Fresh air load 21.3 106.5 11.7 122.6 1.9 19.8 
fresh air load in consideration of 55% recovery  9.6 47.9 5.2 55.2 0.8 8.9 
Indoor heat gain - - - - 3.0 31.3 
The total heat load 22.6 112.8 11.1 116.6 8.1 85.1 
 
3) Micro-level –sustainable building technology (figure 7) 
Waterfowl Pavilion technology strategy system contains architectural level and technical level. From 
the architectural level, the strategies include ecological corridors, underground space, as well as vertical 
green system. From the technical level, the utilization of strategies includes passive strategies, active 
strategies, renewable energy use and the use of new materials and technologies. 
Passive techniques such as using tunnel ventilation combined with thermal pressure ventilation, south 
facade adopts vacuum glass with adjustable shading devices and outdoor atomization cooling; active 
technologies include independent temperature and humidity control system, dry fan coil, radiant air 
conditioning, imitation of natural wind vents, floor heating, fresh air heat recovery; the utilization of  new 
materials and new technologies consist of waterless toilets, zero VOC materials, seepage tiles, rainwater 
collection device, steel structure and so on. 
110 m2 of photovoltaic panels are laid on the south facade and roof of Waterfowl Pavilion. 
Photovoltaic panels combined to the slope angle of the roof construction, improve the efficiency of 
electricity generation of photovoltaic panel. Electricity consumption consists of heating, air-conditioning 
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and lighting energy consumption. Equipment energy consumption systems without battery, is used when 
electricity is made, and could be supplemented through mains if they are insufficient  
To reach heating and cooling needs, two HSSWR-23F (S) E ground source heat pump are used based 
on the geothermal resources. Under the cooling conditions, the rated cooling capacity is 20KW while 
power 3.7KW; the temperature of inlet and outlet water on the subscriber side is 12/7 ć while on the 
ground source 25/30 ć. Under the heating conditions, the rated heat is 21KW, and the power is 4.9KW; 
the temperature of inlet and outlet water on the subscriber side is 40/45 ć, and that on ground source side 
is 8/4.7 ć. 
 
Fig. 7 Sustainable building technology integration of Waterfowl Pavilion 
4. Expectations and plans for the future 
At present the waterfowl pavilion has completed all parts of the civil construction, and its system and 
device are improving progressively. The project is expected to put into use in October 2013. The scientific 
research group plans for further follow-up of waterfowl pavilion in October this year to investigate POE 
of this project. The investigation includes two parts, the testing and evaluation of indoor physical 
environment and the evaluation on the social and economic benefits of the building. The first part includes 
indoor air quality, temperature, light environment, indoor acoustic environment test, and the system 
evaluation testing of functionality, controllability, safety, quality control. The second one is concerning 
energy consumption, system operation cost, life cycle accounting, the calculation of carbon emissions, 
cost recovery period calculation and so on. With sorting and collecting of the data it will set up an 
information database about NZEB, which could also create conditions for the design and building of 
future waterfowl pavilion and other NZEBs. 
5. Conclusion  
The purpose of this study is to set up the Decision-Design-Feedback Phase Process, which is an 
application reference, in any design stage, the decision makers and the designers could choose, judge and 
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evaluate how design strategy factor would fit the users satisfaction and evaluation system in the future. 
And it also is a kind of quantitative expression of subjective strategy factor, which offers the whole 
process design optimization technical support and direction guide. The study is a NZEB design-and-build 
demonstration that will push forward this method from theory to practice with an actual case. In this 
progress it also underlines the importance and scientificalness of the collaboration-based sustainable 
design of framework method. 
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